The avocado red mite Oligonychus yothersi (McGregor) is the most important avocado (Persea americana Mill.) foliar pest in Chile, infesting 'Hass' avocado between mid-summer and late autumn. The post-embryonic development, survival, longevity and life table parameters of O. yothersi were evaluated on both young and mature 'Hass' avocado leaves at 25 ± 0.7 °C, 60 ± 5% relative humidity and 16:8 h photoperiod. The time for larvae, protonymphs and deutonymphs to develop was longer on young leaves than on mature leaves. The immature stage of O. yothersi was shorter (9.29 ± 0.22 d) on mature leaves than on young leaves (14.43 ± 0.28 d); O. yothersi also exhibited higher survival rates for larvae, protonymphs, and deutonymphs on mature leaves. The net reproductive rate (R0) 52.756 ± 1.749 individuals female -1 ; intrinsic rate of increase (rm) 0.241 ± 0.002 female female -1 d -1 , and finite rate of increase (λ) 1.273 ± 0.002 female female -1 of O. yothersi were significantly higher on mature avocado leaves than on young leaves (R0 = 2.727 ± 0.271, rm = 0.049 ± 0.004, and λ = 1.051 ± 0.004). The time required to double the O. yothersi population was only 2.872 ± 0.002 d on mature leaves. Therefore, life table parameters of O. yothersi are negatively affected by young avocado leaves, suggesting that constitutive defenses present in young leaves could affect O. yothersi population parameters.
INTRODUCTION
The avocado red mite Oligonychus yothersi (McGregor) (Acari: Tetranychidae) has been reported in Argentina, Brazil, Chile, Colombia, Costa Rica, Ecuador, Mexico, and USA (California and Florida) (Pinto et al., 2012) . It is a key foliar pest in 'Hass' avocado (Persea americana Mill.) orchards in the Valparaíso Region, Chile (Rioja et al., 2015) . Oligonychus yothersi feeds on the upper leaf surface, affects leaf physiological parameters, and causes reddish color and discoloration by high oxidative stress, which is a response to O. yothersi feeding on the leaf (Hoy, 2011; Rioja et al., 2016) . High O. yothersi infestations are also reported between mid-summer and late autumn, whereas the O. yothersi population is not observed during rainy seasons with low temperatures and short days (winter and early spring), indicating that those abiotic factors could affect the population outbreaks at the Quillota location (Ripa and Larral, 2008) .
Several studies indicate that abiotic factors such as temperature (Bayu et al., 2017) , relative humidity (RH) (Yang et al., 2015) , and photoperiod (Shah et al., 2011) , affect phytophagous mite population parameters; different genotypes and cultivars influence mite development and fecundity (Sedaratian et al., 2011; Modarres, 2012) . On the other hand, the life table is a useful method in integrated pest management programs (Jaleel et al., 2018) , evaluations of potential predators (Puchalska and Kozak, 2016) , tolerance and/or resistance of host plants (Khanamani et al., 2014) , rearing improvement (Al-Shemmary, 2018) , and predictions of population outbreaks under field conditions (Kane et al., 2017) .
Another factor that could affect the life table parameters of tetranychid mites is leaf age, which has been inadequately studied. However, there are reports of O. punicae (Hirst) and Tetranychus urticae (Koch) in which post-embryonic development and oviposition were negatively affected when they were reared on young leaves with high constitutive defenses (McMurtry, 1970; Larson and Berry, 1984; Kielkiewicz and van de Vrie, 1990) . Field observations show that the avocado red mite mainly infests mature leaves from spring vegetative flush in mid-summer, suggesting that leaf age influences O. yothersi reproductive parameters.
There are some life table studies of tetranychid mites belonging to the Oligonychus gender, specifically O. gossypii (Zacher) (Bonato et al., 1995) , O. perseae Tuttle, Baker and Abatiello (Kerguelen and Hoddle, 2000) , O. afrasiaticus (McGregor) (Chaaban et al., 2011) , O. mangiferus (Rhaman and Sapra) (Lin, 2013) , O. punicae (Hirst) (Vásquez et al., 2008; Cerna et al., 2009), and O. litchi Lo and Ho (Chen et al., 2016) . There are also biological studies of O. coffeae Nietner, and O. cubensis Livschitz (Roy et al., 2014; Chavez-Espinoza et al., 2017) , but no studies about life table parameters of O. yothersi (Rioja and Vargas, 2009) . Considering all the above, we hypothesized that life table parameters of O. yothersi will be negatively affected by young leaves of avocado. Therefore, in the present study, we evaluated the influence of avocado leaf age on the life table parameters of O. yothersi under controlled laboratory conditions using leaves of different ages. The obtained information will help to improve laboratory rearing systems by using suitable leaves and implement integrated mite management programs.
MATERIALS AND METHODS

Mite colony
Oligonychus yothersi (McGregor) was collected from 'Hass' avocado orchards at La Cruz (32°49' S; 71°17' W), Valparaíso Region, Chile. The material was transported to a laboratory for taxonomic identification. The identified material was then used to rear avocado red mites under laboratory conditions, on avocado leaf discs (6 cm diameter) according to the methodology described by Rioja et al. (2015) . Recorded laboratory conditions were 23 ± 3 °C, 60 ± 10% RH and 16:8 h photoperiod.
Avocado leaves
To determine the influence of leaf age on the life table parameters of O. yothersi, mature 'Hass' avocado shoots (7-mo-old) were collected from spring vegetative flush at La Cruz location. These shoots were cleaned with distilled water and their leaves used as discs for the experiments. The same procedure was performed for young 'Hass' avocado shoots (2-moold) from summer vegetative flush. All the avocado shoots were from an avocado orchard and collected during February and March 2014. A completely expanded and thin leaf with light green coloring was considered as a young leaf, while a completely developed and thick leaf with dark green coloring was considered as a mature leaf (Walker and Zareh, 1990) .
Post-embryonic development, longevity and survival of Oligonychus yothersi
Five O. yothersi gravid females were placed in a Petri dish (8 cm diameter, 1.5 cm height) containing a mature avocado leaf disc (6 cm diameter) on wet cotton. To provide moisture for the wet cotton, a hole was made in the bottom of each Petri dish, and all Petri dishes were placed on wet sponges in plastic containers (29 × 7 × 39.5 cm) (Rioja et al., 2015) . This procedure was repeated for 30 Petri dishes and all females were removed from the Petri dishes after 4 h, leaving one egg per leaf disc (1 egg = 1 replicate). Thirty replicates were performed, and egg-adult development and longevity were recorded every 24 h until the death of the adults. The exuviae were used to differentiate each developmental stage and all exuviae were discarded. For each replicate, the growing mite was carefully transferred with a fine brush to a new leaf disc every 6 d. The egg laid by each unmated female was eliminated. All observations were performed with a 40X stereoscopic magnifying glass (Zeiss, Stemi, Göttingen, Germany). The gravid females used in this study were maintained on mature avocado leaf discs for 72 h to ensure the influence of leaf feeding. The plastic containers were placed inside an incubator (Thermo Scientific Precision Model 818 Incubator, Marietta, Ohio, USA) at 25 ± 0.7 °C, 60 ± 5% HR, and 16:8 h photoperiod. The same procedure was used for young avocado leaf discs to record the effect of leaf age on postembryonic development, longevity and survival.
Life table parameters
The female cohort was studied. A newly emerged female was carefully transferred to an avocado leaf disc with three young males, and when the males died, they were replaced by others. The eggs laid on each leaf disc were counted and eliminated every 24 h until the female died; 30 replicates (1 female = 1 replicate) were performed to record life table parameters. To calculate the sex ratio (female percentage of the studied female cohort) and number of O. yothersi female offspring, 10 replicates were randomly selected and observed every 24 h. Sex ratios for the offspring of the females were determined by body size and opisthosoma shape (O. yothersi females are larger and have a rounded opisthosoma, while males are smaller and have a sharper opisthosoma) with a 40X stereoscopic magnifying glass (Zeiss, Stemi, Göttingen, Germany). Leaf discs were kept at 25 ± 0.7 °C, 60 ± 5% HR, and 16:8 h photoperiod. The same procedure was used for both young and mature leaf discs.
Statistical analysis
Previously, data were examined to verify normality using Kolmogorov-Smirnov test. Then, post-embryonic development and longevity data were normalized using ln(x+1), while survival data were transformed using arcsine √x prior to the ANOVA. The t-test (P < 0.05) was used to compare young and mature leaves. The same procedure was used to analyze the pre-oviposition, oviposition, and post-oviposition periods.
To construct the O. yothersi female age-specific life table, the female cohort under study in the experiments was considered. The following life table parameters were calculated: net reproductive rate (R0 = Σ lx mx, number of females produced per female during its lifetime), intrinsic rate of increase (rm) was estimated from Σ e -r(x+1) (lx mx)= 1 (where x is the female age in days, lx is the survival rate of females at age x, mx is the mean number of females offspring produced per female at age x, and lx mx is the net number of females offspring produced per female), finite rate of increase (λ = e rm ), number of females offspring produced by a female per day, mean generation time (T = (ln R0)/rm), and doubling time (DT = (ln 2)/rm) (Birch, 1948) . To determine statistical differences in the life table parameters, the jackknife non-parametric method was applied (Meyer et al., 1986) , pseudo-values were obtained for each parameter, and the mean, variance, and standard error were estimated; those parameters were then compared by the t-test (P < 0.05). To calculate life table parameters and their pseudo-values, the lifetable.r program was used (R version 3.4.4) which was developed by Maia et al. (2014) with Software R, a language and environment for statistical computing (Dalgaard, 2010) .
RESULTS AND DISCUSSION
Development and longevity of Oligonychus yothersi on avocado leaves
The development period of O. yothersi was significantly shorter in the immature stages (eggs: t = 6.22, df = 58, P = 0.0001, larvae: t = 5.63, df = 42, P = 0.0001, protonymphs; t = 4.72, df = 35, P = 0.0001, and deutonymph: t = 6.98, df = 33, P = 0.0001) on mature leaves compared with young leaves (Table 1 ). In addition, survival of mites reaching adulthood was significantly higher on mature leaves (t = -7.68, df = 33, P = 0.0001). There were nonsignificant differences in the longevity of unmated adults (t = 0.17, df = 33, P = 0.8689) on both young and mature leaves, although mated adults lived longer on mature leaves (t = -5.48, df = 58, P = 0.0001). The sex ratio was 61.5% females and 38.5% males on mature leaves; however, the sex ratio was 47.4% females and 52.6% males on young leaves.
Our results show that young avocado leaves negatively affected the development and survival of O. yothersi; the postembryonic development of O. yothersi was longer (14.43 d), and had higher mortality rates at all stages on young avocado leaves compared with mature leaves (9.29 d). Likewise, Larson and Berry (1984) found that the development of immature T. urticae was longer on young peppermint (Mentha piperita L.) leaves, which contained high quantities of phenolics compounds and total monoterpenes when compared with mature leaves. Kielkiewicz and van de Vrie (1990) analyzed the content of phenolic substances, total N, and soluble protein in chrysanthemum (Dendranthema grandiflora Tzvelev) leaves. They showed lower T. urticae densities on young chrysanthemum leaves with high quantities of N, phenols, and polyphenol compounds, which suggests that the main factor that would affect the biological parameters of T. urticae are the constitutive defenses more than the leaf nutritional levels. Some studies indicate that young shoots and expanding leaves require and exhibit high N content in their development as well as high levels of constitutive defenses and anti-feeding compounds to prevent herbivory (Bixenmann et al., 2013; Silva et al., 2015; Wiggins et al., 2016) . Although these compounds were not measured in the present study, the only factor that could have affected the development and survival of O. yothersi was the chemical leaf composition associated with age, because the experiments were carried out on leaves of the same plant cultivar and under controlled conditions. Therefore, further studies about the chemical composition of avocado leaves in different phenological stages are necessary.
Furthermore, the development time from egg-to-adult of O. yothersi was shorter (9.29 d) on mature 'Hass' avocado leaves at 25 °C compared to young leaves, Chavez-Espinoza et al. (2017) studied the biology of O. cubensis on mature 'Criollo' avocado leaves at 22.83 ± 1.31 °C, who recorded a development time from egg-to-adult of 10.91 d. Cerna et al. (2009) found that the duration from egg-to-adult of O. punicae on 'Hass' and 'Criollo' avocado leaves at 24 ± 2 °C were 7.78 and 9.54 d, respectively. The slight differences shown in mite development belonging to the Oligonychus gender were mainly influenced by avocado cultivar and ambient conditions because mature avocado leaves were used in the previously mentioned studies.
We observed that the fecundity of O. yothersi was higher on mature avocado leaves than on young leaves. McMurtry (1970) found that the oviposition rate (eggs female -1 d -1 ) of O. punicae was higher on mature Persea indica leaves than on young leaves. Likewise, Larson and Berry (1984) recorded lower oviposition (eggs leaf -1 ) of T. urticae on young peppermint leaves, which exhibited high phenolic content compared with mature leaves, suggesting that the constitutive compounds of young leaves affected mite's fecundity.
Life table parameters of Oligonychus yothersi on avocado leaves
There were significant differences in the pre-oviposition period, which was shorter on mature leaves (t = 15.32, df = 58, P = 0.0001); furthermore, the oviposition period was significantly longer (t = -7.25, df = 58, P = 0.0001), and with higher fecundity (t = -15.07, df = 58, P = 0.0001) on mature leaves than on young leaves ( Table 2) .
The female survival rate (lx) on young leaves decreased to 23% by day 10, remained over 20% for 10 d, and then decreased. A higher survival rate was recorded for females on mature leaves, with a mean of 88% up to day 25, and then gradually decreased (Figure 1) . The net reproductive rate (R0), intrinsic rate of increase (rm) and finite rate of increase (λ) parameters were significantly higher (t = 28.26, df = 58, P = 0.0001, t = 45.07, df = 58, P = 0.0001, and t = 47.88, df = 58, P = 0.0001, respectively) on mature leaves; in addition, there were significant differences in both mean generation time (T) and doubling time parameters (DT) (t = -6.55, df = 58, P = 0.0001, and t = -9.82, df = 58, P = 0.0001, respectively) with longer times recorded on young leaves (Table 3) . The R0, rm, and λ parameters of O. yothersi were higher on mature avocado leaves than on young leaves. Kerguelen and Hoddle (2000) evaluated the biological parameters of O. perseae on 'Hass' avocado leaves collected in late spring, early summer, and mid-summer; they found that R0 and rm were significantly higher in mid-summer and suggested that the main factor was the nutritional quality of the leaves in that period. Rioja and Vargas (2009) recorded the population growth parameters of O. yothersi on mature 'Hass' avocado leaves (10-mo-old), and found that values for R0 (39.66), rm (0.22), and λ (1.25). These values were lower than those found in the present study (R0 = 52.75, rm = 0.24, and λ = 1.27) in which 7-mo-old leaves from spring vegetative flush were used. Salazar-García and González-Durán (2015) recorded that avocado leaves from winter vegetative flush lived for 12.5 mo, while leaves from summer vegetative flush lived for 7.8 mo; this suggests that winter-spring leaves with long lifespan are the most suitable to increase population. Motahari et al. (2014) evaluated four N levels on the life table parameters of T. urticae in cucumber (Cucumis sativus L. 'Sultan') plants; they did not demonstrate significant differences between the excess and deficient N treatments, indicating that N content in the cucumber plant did not affect the biological parameters of T. urticae. In addition, Salazar-García and González-Durán (2015) found that the higher N concentrations occurred in mid-summer and recorded a maximum of 21.4 and 24.9 g kg -1 , in leaves from winter and summer vegetative flushes, respectively. It seems that avocado leaf N content would not have a greater effect on the life table parameters of O. yothersi on young leaves, each O. yothersi female produce 2.727 females offspring (R0), 0.049 females female -1 d -1 (rm), and delay 13.858 d to double its population on leaves with high N content during mid-summer (Salazar-García and González-Durán, 2015) . On the other hand, on mature leaves with lower N content, each O. yothersi female can produce 52.756 females offspring and doubles the population in only 2.872 d, which agrees with the high O. yothersi population peaks observed infesting spring-shoots in 'Hass' avocado orchards during mid-summer and late autumn at the Quillota location. Therefore, N is not a relevant factor in this case, because there are slight differences in N content in summer and winter-spring avocado leaves, as previously mentioned (Salazar-García and González-Durán, 2015) . The life table parameters of O. yothersi are affected by leaf age, constitutive defenses seem to be the main factor negatively affecting the biological parameters of O. yothersi. Further studies are necessary to identify the secondary compounds present in avocado leaves from spring and summer vegetative flushes.
CONCLUSIONS
The physiological age of avocado leaves influenced the development time, fecundity, and survival of avocado red mite Oligonychus yothersi. In controlled conditions, the life table parameters net reproductive rate, intrinsic rate of increase and finite rate of increase of O. yothersi are lower on 2-mo-old leaves than 7-mo-old.
